There is increasing awareness of the effects of Porphyromonas gingivalis on host immune responses. Degradation of cytokines and chemokines by cysteine proteinases has previously been reported. However, the precise mechanisms by which P. gingivalis is able to alter intracellular signaling, and thus proliferation and inflammation, have not been described. We have previously reported suppression of activator protein-1 (AP-1) and degradation of IL-2 by proteinases from P. gingivalis. In the present study, we have analyzed the effects of P. gingivalis on Jurkat T-cell signal transduction and subsequent IL-2 and CXCL8 expression. We found that CXCL8, but not IL-2, gene expression levels were significantly suppressed by viable P. gingivalis. Analysis of intracellular signaling revealed an inhibitory effect of P. gingivalis on c-Jun and c-Fos, but not NFkB (p50 and p65), NFAT or STAT5 expression. This inhibitory effect was not due to suppression of mitogen-activated protein kinase (MAPK) (p38, erk and JNK) gene expression, but was rather due to prevention of protein kinase C (PKC) and p38 phosphorylation, as demonstrated by western blot analysis. Furthermore, SOCS1 and SOCS3 expression levels decreased following treatment of Jurkat T cells with viable P. gingivalis. The results indicate that P. gingivalis is able to suppress inflammatory gene expression by targeting the activity of MAPK pathways in T cells, which was confirmed by using specific inhibitors of NF-kB, PKC, ERK, p38 and JNK.
INTRODUCTION
The association between the inflammatory conditions of periodontitis and atherosclerosis has been supported by the identification of periodontal pathogens, including Porphyromonas gingivalis, in atherosclerotic plaques. 1, 2 There is a need to characterize the immune modulatory mechanisms of this pathogen that enable it to evade recognition by immune cells and translocate into atherosclerotic plaques. Recognition of pathogens and subsequent induction of inflammatory mediator release and cellular communication are key steps towards efficient elimination. It is therefore important to examine intracellular events in response to P. gingivalis.
Mitogen-activated protein kinase (MAPK) signaling in T cells plays a central role by regulating cellular proliferation, induction of inflammatory responses and apoptosis.cellular activation and inflammation. 9 These effects may be due to P. gingivalis-dependent suppression of AP-1 and NF-kB, 10 which are potent inducers of cellular proliferation and inflammatory responses. The transcription factors AP-1 and NF-kB are involved in the induction of a broad range of inflammatory mediators, including IL-2 and CXCL8. Regulation of cytokine and chemokine expression is mediated by members of the suppressor of cytokine signaling (SOCS) family. These proteins are specialized and act to directly suppress the positive feedback actions of cytokines, such as IL-2, IL-4, IL-6 and IFN-c, and thus regulate cytokine signaling by preventing Jak phosphosrylation and STAT signaling. 11 A recent publication by Moffatt and Lamont 12 showed that P. gingivalis is able to significantly suppress SOCS3 and SOCS6, which is due to induction of miRNA-203.
Established P. gingivalis growth and infection may alter several signaling pathways and thus impair cellular communication. Analysis of the complexity of these pathways will improve our understanding of the pathogenesis of P. gingivalis and its involvement in the progression of systemic diseases, such as atherosclerosis. The aim of the present study was to characterize the effects of P. gingivalis on the main inflammatory and regulatory pathways, and subsequent inflammatory gene expression, in Jurkat T cells.
MATERIALS AND METHODS

Chemicals
The following chemicals and solutions were used in this study: Krebs-Ringer glucose buffer (120 mM NaCl, 4.9 mM KCl, 1.2 mM MgSO 4 , 1.7 mM KH 2 PO 4 , 8.3 mM Na 2 HPO 4 and 10 mM glucose, pH 7.3); PMA (Phorbol 12-myristate 13-acetate; Sigma, USA); calcium ionophore (Calcium Ionophore A23187 mixed calcium magnesium salt; Sigma); ERK (PD98059; Santa Cruz, Germany); p38 (SB203580; Santa Cruz); NF-kB activation inhibitor (InSolution NF-kB Activation Inhibitor; Calbiochem, USA); JNK inhibitor, (InSolution JNK Inhibitor II; Calbiochem); and PKC Inhibitor (InSolution Bisindolylmaleimide I; Calbiochem).
Cell culture conditions
Jurkat T-cells cells (E6-1, ATCC) were maintained in 90% RPMI 1640 medium (Fisher Scientific, Austria) with 1.5 mM L-glutamine (Invitrogen, USA) and supplemented with 10% fetal bovine serum (Invitrogen). The cells were incubated in a stable environment at 95% air, 5% CO 2 and 37 uC.
Bacterial culture conditions and preparation Porphyromonas gingivalis ATCC 33277 (American Type Culture Collection, Manassas, VA, USA) was grown under anaerobic conditions (80% N 2 , 10% CO 2 and 10% H 2 ) in a chamber at 37 uC (Concept 400 Anaerobic Workstation; Ruskinn Technology Ltd, Leeds, UK). The bacteria were cultured for 3 days in fastidious anaerobe broth (29.7 g/l, pH 7.2) before being washed and resuspended in Krebs-Ringer glucose buffer. The bacterial concentration was adjusted to correlate with approximately 10 9 CFU/ml, which was determined by viable count where the bacteria were grown on fastidious anaerobe agar (46.0 g/l supplemented with L-tryptophan 0.1 g/liter, pH 7.2; Lab M, Lancashire, UK) for 5 days. Heat-killed P. gingivalis were prepared following incubation at 70 uC for 1 h. To ensure that the bacteria were killed, 10 ml of the heat-killed suspension was spread on a fastidious anaerobe agar plate and incubated at 37 uC for 5 days. The absence of colony formation was used as an indicator that no viable bacteria were present in the suspension. P. gingivalis was used fresh for every experiment.
Enzyme-linked immunosorbent assay (ELISA) ELISA was performed on supernatants from challenged Jurkat T cells to quantify IL-2 (BD OptEIA Set Human IL-2; BD Biosciences, USA) and CXCL8 (Human IL-8 ELISA MAX Deluxe; Nordic Biosite, Sweden) according to the manufacturer's instructions. Briefly, Jurkat T-cells were either pretreated with P. gingivalis for 1 h followed by stimulation with 50 ng/ml PMA and 1 mg/ml calcium ionophore or stimulated with PMA and calcium ionophore prior to treatment with P. gingivalis for the indicated time periods. The cells were thereafter centrifuged at 95g for 5 min and the supernatants were collected and stored at 280 uC until use.
Analysis of cytokine and chemokine regulation was examined by using inhibitors targeting specific gene regulatory proteins, including PKC, NF-kB, ERK, p38 and JNK. Briefly, Jurkat T cells were incubated with two final concentrations of each inhibitor, 20 nM and 20 mM for 2 h, prior to stimulation with 50 ng/ml PMA and 1 mg/ml calcium ionophore for 24 h. Supernatants were collected as mentioned above and ELISA was performed to determine IL-2 and CXCL8 levels.
Western blot analysis
Jurkat T cells were harvested in RIPA buffer supplemented with Halt protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific, Rockford, IL, USA). The cells were homogenized with a syringe and needle. DC protein assay (Bio-Rad Laboratories, Hercules, CA, USA) was used to measure samples protein concentration. Equal amounts of protein were mixed with Laemmli buffer (Sigma-Aldrich, USA) and boiled for 5 min at 100 uC. The samples (5-10 mg) were separated by SDS-PAGE (AnyKD TGX gel) and transferred to Immun-Blot polyvinylidene fluoride membrane (Bio-Rad Laboratories). The polyvinylidene fluoride membrane was blocked with 2% ECL advance blocking agent (GE Healthcare, Amersham Place, UK). Phospho-PKC (f Thr410) was detected using a rabbit monoclonal antibody (Cell Signaling Technology Danvers, MA, USA), diluted 1 : 3000. Phospho-p38 was detected using a rabbit polyclonal antibody (Santa Cruz Biotechnology Inc.), diluted 1 : 1000. SOCS3 protein was detected using a rabbit polyclonal antibody (Abcam, Cambridge, UK), diluted 1 : 500. GAPDH was detected with a rabbit polyclonal antibody (Santa Cruz Biotechnology Inc.), diluted 1 : 15000. As a secondary antibody, a goat polyclonal to rabbit IgG (HRP) was used (Abcam). The blots were developed using the western blotting detection reagent ECL advance (GE Healthcare).
Reverse transcription quantitative PCR (RT-qPCR)
RT-qPCR was used to determine gene expression levels of selected surface receptors, intracellular signaling proteins and target genes (Table 1) , in response to viable and heat-killed P. gingivalis. Briefly, Jurkat T cells were pre-treated with P. gingivalis for 1 h, followed by stimulation with PMA/Ionophore for 24 h. RNA was extracted using GeneJET RNA Purification Kit (Fermentas, Sweden) according to the manufacturer's recommendations. Reverse transcription was performed using iScript cDNA Synthesis Kit (Biorad, Sweden). Thermal cycling conditions for SYBR Green (Maxima SYBR Green/ROX qPCR Master Mix; Fermentas) consisted of a denaturation step at 95 uC for 10 min followed by 40 cycles of 95 uC for 15 s and 60 uC for 60 s. Gene expression was analyzed using a 7900 HT real-time PCR instrument (Applied Biosystems, Sweden). The obtained C t values were normalized against GAPDH. Relative quantification of geneexpression was determined by using the DDC t method. Fold change was generated by using the equation 2 DDC t .
Statistical analysis Statistical significant differences were determined using twotailed Student's t-test and one-way ANOVA followed by Bonferroni's multiple comparison test on at least five independent experiments (*P,0.05; **P,0.01; ***P,0.001).
RESULTS
Suppression of cytokine/chemokine accumulation
Stable cytokine and chemokine responses are required for optimal activation of T cells and for the establishment of a functional cellular communication system. The ability of Jurkat T cells to express and release IL-2 and CXCL8 was determined in response to P. gingivalis treatment (Figure 1 ). Treatment with viable or heat-killed P. gingivalis caused a significant decrease in IL-2 protein levels following stimulation with PMA/Ionophore (,2.8-and ,1.3-fold, respectively), while basal levels were not affected by either type of treatment ( Figure 1a) . Furthermore, CXCL8 basal levels were not altered by either viable or heat-killed bacteria (Figure 1b) , while PMA/ Ionophore-induced CXCL8 release and accumulation was significantly suppressed by viable (,3.7-fold) but not heat-killed P. gingivalis. This prompted us to determine IL-2 and CXCL8 transcript levels, which were analyzed by RT-qPCR. The results showed a ,five and ,fourfold suppression of the PMA/ Ionophore-induced IL-2 ( Figure 1c ) and CXCL8 (Figure 1d ) mRNA levels, respectively, by viable P. gingivalis. However, CXCL8 mRNA levels but not IL-2 mRNA levels were significantly suppressed. Basal transcript levels were not affected by the bacteria.
Degradation of CXCL8 by gingipains
Inhibition of CXCL8 accumulation by viable P. gingivalis was further assessed to determine whether this action was dose and time-dependent. Pre-exposure of Jurkat T-cells to an increasing concentration of viable P. gingivalis, prior to stimulation with PMA/Ionophore, was observed to decrease CXCL8 secretion in a dose-dependent manner ( Figure 2a) . A final concentration of 5310 6 CFU/ml (multiplicity of infection (MOI): 5) was sufficient to reduce CXCL8 levels by threefold. We then aimed to determine whether this inhibition was due to the enzymatic activity of P. gingivalis-derived gingipains. Jurkat T cells were pre-stimulated with PMA/Ionophore for 24 h to induce CXCL8 accumulation, followed by exposure to viable P. gingivalis for the indicated time periods (Figure 2b ). Basal levels were constant at all time points, with an average of ,12 pg/ml. CXCL8 levels in the PMA/Ionophore-stimulated cell suspension increased to ,880 pg/ml and thereafter decreased to stable levels with an average of ,650 pg/ml. However, the addition of viable P. gingivalis to PMA/Ionophore-stimulated groups resulted in a drastic drop in CXCL8 levels. These results were further confirmed by using purified RgpB, which suppressed the PMA/Ionophore-induced CXCL8 protein levels in a dosedependent manner ( Figure 2c ).
P. gingivalis targets MAPK signaling in T cells
The observed effects of P. gingivalis on IL-2 and CXCL8 gene and protein expression encouraged us to analyze the intracellular mechanisms by which P. gingivalis can alter cellular communication and induction of inflammation. The levels of an array of transcriptional regulators in Jurkat T cells were investigated in response to viable and heat-killed P. gingivalis. Basal gene expression levels were not altered by either viable or heatkilled bacteria (Figure 3a) . However, since significant alteration of T cell-derived inflammatory responses by P. gingivalis is mainly associated with the activated state of T cells, we aimed to determine the levels of these genes after stimulation with PMA/ Ionophore, prior to treatment with P. gingivalis. All genes, except socs3, p65 and nfat1, were significantly induced by PMA/Ionophore. Treatment with viable bacteria significantly suppressed SOCS1, c-Jun and c-Fos, while heat-killed bacteria did not affect the induced levels of any of the analyzed genes ( Figure 3b ). Suppression of c-Jun and c-Fos was further investigated by analyzing the upstream MAPKs p38 (a, b, c, d), ERK (1, 2) and JNK (1, 2). Viable P. gingivalis treatment of Jurkat T cells elevated JNK1 and JNK2 basal levels ( Figure 3c ). Furthermore, PMA/Ionophore stimulation caused a significant induction of p38b, p38d, ERK2, JNK1 and JNK2 (Figure 3d) . However, the addition of P. gingivalis did not affect the PMA/ Ionophore-induced transcript levels of these MAPKs, except for JNK2, which was elevated in response to viable bacteria ( Figure 3d ).
MAPK signaling pathways are the main regulators of cytokine expression in T cells
Activation of MAPK signaling pathways has previously been shown to be mediated by the upstream kinase PKC. The observed suppression of c-jun and c-fos gene expression may therefore be due to P. gingivalis-dependent inhibition of PKC activation. This hypothesis was tested by determining the levels cells/ml, were treated with 10 8 CFU/ml of viable or heat-killed P. gingivalis (MOI: 100) for 1 h prior to stimulation with 50 ng/ml PMA and 1 mg/ml calcium ionophore for 24 h. IL-2 (a) and CXCL8 (b) accumulated levels were determined in cell-culture supernatants by ELISA. Relative gene expression levels of IL-2 (c) and CXCL8 (d) were analyzed by RT-qPCR and presented in box plots showing the median, 25th and 75th percentiles in boxes and the 10th and 90th percentiles as whiskers. Viable P. gingivalis treatment caused a significant inhibition of inflammatory gene expression and protein accumulation. Dotted lines (c, d) indicate basal control levels that were arbitrarily set to 1. Results are presented from at least five independent experiments. Statistically significant differences were determined by one-way ANOVA followed by Bonferroni's multiple comparison test ( #/ *P,0.05; (Figure 4a ). As a consequence, phosphorylation of p38, which is one of the downstream targets of PKC, was also suppressed by viable bacteria (Figure 4b) . Furthermore, the levels of SOCS3 were markedly reduced by viable P. gingivalis, both with and without stimulation (Figure 4b) . The results indicate that P. gingivalis is able to suppress IL-2 and CXCL8 gene expression and protein accumulation by targeting MAPK signaling, through PKC. In order to verify these findings, we used specific inhibitors of PKC, NF-kB and the three main MAPK pathways, namely ERK, p38 and JNK, to further determine the mechanism of cytokine regulation. The inhibitor of PKC, with a final concentration of 20 nM, resulted in a ,55% reduction in IL-2 secretion (Figure 5a ) and ,70% reduction in CXCL8 secretion (Figure 5b ). However, since PKC is involved in the regulation of both NF-kB and MAPK signaling, we aimed to determine the contribution of each pathway to cytokine and chemokine expression. The inhibitor of the transcription factor NF-kB, with a final concentration of 20 nM, did not alter IL-2 or CXCL8 levels, while a final concentration of 20 mM significantly reduced both ( Figure 5 ). Furthermore, inhibition of the three MAP kinases, ERK, p38 and JNK, all reduced IL-2 levels in a dose-dependent manner (Figure 5a ). Suppression of ERK and p38 with 20 mM of the inhibitors decreased IL-2 expression to basal levels, whereas JNK was less effective. Furthermore, CXCL8 expression was also observed to be more potently suppressed following inhibition of ERK and p38 than JNK (Figure 5b ). These results indicate that MAPK signaling, in particular ERK and p38, are the main regulators of IL-2 and CXCL8 expression.
Surface receptor expression in response to P. gingivalis In addition to altering intracellular signaling, P. gingivalis has, previously been shown to affect the expression and availability of surface receptors on T cells. The inhibition of intracellular signaling may therefore be due to reduced antigen recognition. We aimed to determine the effects of P. gingivalis on CD3c, CD28 and PAR2 gene expression. Gene expression levels of these surface receptors were not affected by P. gingivalis, Figure 2 Inhibition of CXCL8 accumulation is caused by P. gingivalis-derived proteolytic enzymatic activity. Jurkat T cells (10 6 cells/ml) were pretreated with increasing concentrations of viable P. gingivalis (MOI: 0.5, 1, 5, 10, 50 and 100) for 1 h followed by stimulation with 50 ng/ml PMA and 1 mg/ml calcium ionophore for 24 h. CXCL8 expression decreased with increasing bacterial concentrations (a). Jurkat T cells were either left untreated or stimulated with 50 ng/ml PMA and 1 mg/ml calcium ionophore for 24 h to induce CXCL8 accumulation, followed by exposure to viable P. gingivalis (viable Pg, 10 8 CFU/ml, MOI: 100) for the indicated times. Pre-accumulated CXCL8 levels decreased in a time-dependent manner. Statistical analyses show the differences between the PMA/Iono1viable Pg groups to their respective negative (C) and positive control (PMA/Iono) at each specific time point. The positive controls were statistically significant from the negative controls at all time points (b). Purified RgpB cleaved CXCL8 protein in a dose-dependent manner (c). Results are from four independent experiments. ( #/ *P,0.05; ##/ **P,0.01; ###/ ***P,0.001, # : significance from the negative control; *: significance from the positive control PMA/Iono, one-way ANOVA with Bonferroni's multiple comparison test). MOI, multiplicity of infection.
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neither at the basal levels nor after stimulation with PMA/ Ionophore ( Figure 6 ). However, CD28 and PAR2, but not CD3c, transcript levels were significantly elevated following stimulation with PMA/Ionophore.
The analyzed genes and proteins, and their interplay with other signaling molecules, are summarized in Figure 7 . Although several signaling complexes remained elevated and not affected by P. gingivalis, it is evident that the effects on these pathways are complex and that the primary target of P. gingivalis is MAPK signaling.
DISCUSSION
Periodontal pathogenesis involves diverse immunoregulatory effects, and analysis of the pathogen-host cell interactions would improve our understanding of these effects and enable characterization of the involved signaling pathways and development of alternative treatment strategies. T cells are recruited to the site of infection in the periodontal pocket at an early stage. However, their contribution and subsequent immunoregulatory mechanisms after encountering periodontal pathogens, such as P. gingivalis, have not fully elucidated.
Membrane bound and secreted gingipains from P. gingivalis have diverse effects on host cell-derived inflammatory mediators, including degradation of TNF, 13 IL-4 and IL-5. 14 We have previously reported that the T-cell-derived cytokine IL-2 is targeted for degradation by gingipains in Jurkat T cells and isolated lymphocytes. 15 Here we report that P. gingivalis is able to suppress CXCL8 gene expression and protein accumulation, due to degradation by gingipains. Cytokine and chemokine expression in T cells has previously been shown to be strictly regulated by MAPK signaling and the transcription factor AP-1. Analysis of IL-2 promoter regulation revealed the importance of AP-1, but not NF-kB, in the induction of IL-2 transcription. Mutation of the AP-1 site markedly reduced IL-2 expression, while mutation of the NF-kB site did not affect IL-2 release. ##/ **P,0.01). Dotted lines indicate control levels that were arbitrarily set to 1. AP-1, activator protein-1; MAPK, mitogen-activated protein kinase; MOI, multiplicity of infection; RT-qPCR, reverse transcription quantitative PCR.
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Furthermore, pre-accumulated CXCL8 levels rapidly decreased in response to viable P. gingivalis. The ability of this pathogen to alter CXCL8 protein levels was shown to be dependent on the proteolytic activity of gingipains. The diverse enzymatic activity of gingipains has previously been reported to target IL-6, 17 TNF 13 and the T cell-derived cytokines IL-4 and IL-5.
14 However, P. gingivalis affects different host inflammatory markers. Oda and colleagues 18 showed that stimulation of peripheral blood mononuclear cells with outer membrane proteins from P. gingivalis resulted in a significant elevation of IL-17 mRNA and protein expression. The effects of P. gingivalis on T cells could, as a consequence, impair T cell-mediated chemotaxis and activation of the antibody-based adaptive immunity.
Characterization of intracellular signaling in T cells in response to different periodontal pathogens is important for obtaining sufficient knowledge about their role in systemic diseases, such as periodontitis and atherosclerosis. P. gingivalis was shown to decrease SOCS1 and SOCS3 expression, while STAT5a was not affected. Analysis of the regulatory role of SOCS1 in T cells has been reported to strictly control the activated state of STAT5A/B in response to IL-2. 19 T-cells deficient in SOCS1 failed to control the elevated levels of phosphorylated STAT5A/B and the cells displayed increased proliferation, which was antigen-independent. The apparent necessity of regulatory mechanisms for controlling inflammation is important in order to prevent development of chronic inflammatory conditions. Furthermore, SOCS3 has been shown, in a similar manner as SOCS1, to act as a negative regulator of cytokine signaling in T cells. This negative feedback mechanism of SOCS3 is mediated by suppressing STAT5 phosphorylation, through association and prevention of Jak1 phosphorylation.
20
STAT5a expression levels remained elevated and were not affected by P. gingivalis in the present study, which may be due to suppression of these negative regulatory mechanisms of SOCS. The action of SOCS proteins has been mainly associated with STAT signaling; however, other mechanisms have been proposed for a cross-talk between SOCS and NF-kB pathway. Ryo and colleagues showed that SOCS1 binds to and facilitates p65 degradation. 21 This indicates that P. gingivalis is able to eliminate the negative feedback action of SOCS proteins and that these proteins are important in controlling cellular activity and proliferation through STAT5A/B and NF-kB signaling. The ability of P. gingivalis to suppress SOCS3 has recently been reported to be due to upregulation Figure 5 IL-2 and CXCL8 expression is mainly dependent on MAPK signaling. Regulation of cytokine and chemokine expression was assessed by using inhibitors for NF-kB, PKC, ERK, p38 and JNK. Jurkat T cells were incubated with the indicated concentrations of inhibitors for 2 h prior to stimulation with 50 ng/ml PMA and 1 mg/ml calcium ionophore for 24 h. MAPK signaling, in particular ERK and p38, were found to be important regulators of IL-2 (a) and CXCL8 (b) expression. Results are presented from three independent experiments. Statistically significant differences from the positive control PMA/Iono were determined by Student's t-test (*P,0.05; **P,0.01; ***P,0.001). MAPK, mitogen-activated protein kinase; PKC, protein kinase C.
of miRNA-203, which inhibited SOCS3 and promoted STAT signaling. 12 Targeting miRNAs may therefore be a beneficial treatment strategy for diseases such as periodontitis and atherosclerosis, following an established P. gingivalis infection.
However, DNA from P. gingivalis has previously been shown to induce socs1 gene expression. 22 The immunosuppressive effects of P. gingivalis are widely accepted, however, further investigations are needed to clarify the effects of different P. Figure 6 Analysis of receptor expression levels in response to P. gingivalis. Jurkat T cells (10 6 cells/ml) were treated with 10 8 CFU/ml of viable or heat-killed P. gingivalis (MOI: 100) for 1 h prior to stimulation with 50 ng/ml PMA and 1 mg/ml calcium ionophore for 24 h. Gene expression for CD3c (a), CD28 (b) and PAR2 (c) was analyzed by RT-qPCR and the results are presented in box plots showing the median, 25th and 75th percentiles in boxes and the 10th and 90th percentiles as whiskers. The receptors CD28 and PAR2 were shown to be inducible by PMA/Iono. Results are presented from at least five independent experiments. Dotted lines indicate basal control levels that were arbitrarily set to 1. Statistically significant differences were determined one-way ANOVA followed by Bonferroni's multiple comparison test ( # P,0.05; ## P,0.01; ### P,0.001, # : significance from the negative control). MOI, multiplicity of infection; RT-qPCR, reverse transcription quantitative PCR. ] i has previously been reported by our group. 15 MAPK, mitogen-activated protein kinase; ROS, reactive oxygen species.
gingivalis-derived compounds on the host immune response and to unravel the complexity of these regulatory intracellular mechanisms.
We have shown that P. gingivalis suppresses PKC and p38 activity, and c-Jun and c-Fos expression. These effects were primarily observed with viable, but not heat-killed, P. gingivalis. This may be due to loss of bacterial virulence, including fimbriae and enzymatic activity of proteinases, caused by denaturation following incubation of the bacteria for 1 h at 70 uC. Viable, but not heat-killed, P. gingivalis has previously been shown to induce apoptosis in gingival epithelial cells, 23 indicating the importance of these virulence factors in P. gingivalismediated pathogenesis. Furthermore, the subunits c-Jun and c-Fos are members of the AP-1 family of transcription factors, which play a central role in cellular proliferation and induction of inflammatory responses. 6 The activity of these transcriptional regulators is controlled by the MAPKs JNK, p38 and ERK. Analysis of different the MAPKs in response to P. gingivalis treatment showed increased JNK gene expression, without affecting other MAPKs. Phosphorylation of p38 in HUVECs has previously been shown to correspond to early activation (30 min), followed by a drastic suppression (.1 h) in response to P. gingivalis ATCC 33277. 24 However, stimulation of macrophages with proteinases, for 90 min, activated p38a, JNK2 and ERK1/2, which in turn induced TNF and CXCL8 secretion. 25 Dommisch and colleagues 26 showed that induction of MIP-3a/ CCL20 by P. gingivalis is mediated by PLC, p38 and NF-kB. MAPK signaling pathways appear to be differentially regulated by P. gingivalis, and its derived virulence factors, in different types of cells.
Gene regulation by AP-1 is mediated by a wide range of stimuli, including cytokines, growth factors, cellular stress and bacterial infections. 8 Reiera-Sans and Behrens 27 investigated the role of c-Jun in thymic lymphopoiesis in mice and showed that deletion of c-Jun caused an arrest in ab T-cell differentiation, while cd T-cell generation was promoted. Furthermore, Choi and colleagues 10 showed that treatment of human umbilical vein endothelial cells with P. gingivalis resulted in an upregulation of MCP-1 levels, which was mediated by AP-1 and NF-kB. However, MCP-1 levels decreased with increasing bacterial concentrations. Both AP-1 and NF-kB corresponded to early activation (,1 h) in response to P. gingivalis, and their activity was thereafter drastically reduced. Activation of AP-1 and NF-kB, and subsequent cytokine expression, requires PKC, which is rapidly recruited upon recognition of an antigen by T-cell receptor. 28 PKC-dependent activation of NF-kB has been shown to be strictly controlled by a protein complex consisting of MALT1, Bcl10 and CARMA1. Deletion in any of these proteins impairs antigen receptor dependent activation of NF-kB. 29, 30 PKC depletion has been demonstrated to almost revoke IL-2 expression. 16 We found that inhibition of PKC, ERK and p38 were more potent at suppressing IL-2 and CXCL8 secretion in P. gingivalis-treated T cells, compared to inhibition of NF-kB or JNK. These observations indicate that PKC and the transcriptional regulators c-Jun and c-Fos (AP-1) play a pivotal role in the induction of inflammatory responses in T cells.
Analysis of surface receptor expression in response to P. gingivalis revealed an increase in CD28 basal levels, while CD3c and PAR2 were not affected. Determination of the levels of surface receptors following challenge of T cells with gingipains has been shown to increase CD28, but not CD3 expression. 31 However, others have shown that CD3f chain was significantly downregulated by P. gingivalis. 32, 33 Recognition of an antigen, and subsequent recruitment and assembly of signaling molecules, is an important step towards attaining optimal cellular responses. Synergistic signals from the costimulatory receptor CD28 are required for optimal T-cell activation, and their absence results in cellular anergy. 34 Furthermore, Kitamura et al. 35 showed that proteases released from P. gingivalis cleaved CD4 and CD8 on T cells, and thus impaired downstream signal transduction and Tcell function. Furthermore, PAR2 is expressed on several types of cells, including fibroblasts, epithelial cells and T cells.
36,37 P. gingivalis-derived gingipains have been reported to cleave, and thus activate PAR2, 38 suggesting a role for PAR2 in the induction of chronic inflammation in periodontitis.
It is evident that P. gingivalis specifically targets PKC and MAPK signaling, and as a consequence cytokine and chemokine expression is altered. The signaling protein PKC and the transcription factor AP-1 have previously been described as important regulators of cytokine expression in T cells, including IL-2. Suppression of c-Jun and c-Fos, and as a consequence suppression of cytokine and chemokine expression, appears to be mediated by P. gingivalis-dependent prevention of MAPK activity and thus phosphorylation, rather than suppression of MAPK gene expression. Unraveling these pathways will provide a better understanding of the mechanisms used by P. gingivalis to colonize, proliferate and cause disease. This will enable identification of new strategies targeting and restricting the ability of this pathogen to proliferate, invade and survive within host cells. However, more research is needed to determine the precise mechanism(s) by which P. gingivalis is able to selectively inhibit MAPK signaling, without altering other pathways such as NF-kB.
